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Hexabromocyclododecane (HBC0) is a widely used
brominated flame retardant which is increasingly reported
in the environment, Here, we rep0rt on the diastereomeric
and, for the first time, on the enantiomeric composition
of HBCD in muscle and liver of several fish species caught
in the Western Scheldt Estuary flhe Netherlands]. The
total HBCD content {sum at o--, F-, and y-diastereoisomers},
as well as the distribution of diastereoisomers and
enantiomers, varied between the species, The levels of
total HBCD (9-1110 ng/g lipid weight! found in fish tissues
were higher than those measured in fish from European
rivers with no known point sources of HBCD but lower than
in fish samples collected near factories producing or
using HBCD. The concentrations of total HBCD expressed
on a lipid weight basis were higher in liver than in
muscle for bib and whiting, while in sole, HBCD had no
preferential distribution between the tissues. A similar pattern
for liver and muscle distribution was already observed
for polybrominated diphenyl ethers (PBDEs) in these species.
The a-HBCD diastereoisomer was most abundant in all
fish samples with a higher contribution to the total HBCD
levels in liver compared to muscle for bib and whiting.
The y-HBCD diastereoisomer accumulated less in liver than
in muscle of sole, bib, and whhing. For the first time,
enantiomer fractions were determined for HBCD diastere-
oisomers in liver of three fish species and in muscle of
two fish spBcies. A significant enrichment of the (+)cr-HBCD
enantiomer was found in whiting and bib liver samples.
A high enantioselectivity has also been seen for the y-HBCD
diastereoisomer in whiting liver.
Intmduction
Hexabromocyclododecme (IIBCD) is an additive brominated
flame retardant (BFR) used in polystyrene foams and
upholstery textiles in percentages varying between 0.8 and
4% (l). In 2001, the world market demand for HBCD was at
about 16 700 tons ftom which about 9500 tons were
consumed in Europe. These figures make HBCD the second
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most used BFR in Europe, after tefiabromobisphenol A (l).
Recently, the use of penta- and octamixtures of polybro-
minated diphenyl ethers (PBDEs) has been restricted in
Europe (2). There are indications that HBCD is being used
as a replacement for these BFRS (3).
Technical 1,2,5,6,9, l0-HBCD is produced by bromination
of cyclododecariene (CDT) (4, 5). This process leads
theoretically to a mixture of 16 stereoisomers (six pairs of
enantiomers and four mesoforms). Bromination of cis,trans, -
frans-CDT yields tluee diastereomeric pairs of enantiomers
as racemic mixhres (A, o-, p-, and y-HBCD (Figue f).
Further, two mesoforms have been isolated from a low-
melting, technical-grade HBCDmixure (4). The comercial
mixtures consist mainly of the y-HBCD diastereoisomer
(ranging between 75 and 89%) , while the o.- and B-HBCD are
present in considerablylower amounts (10- 13% and, l-l2%o,
respective$ (6). HBCD is subject to thermal rearrangement
at temperatures above 160 "C, resulting in a specific mi:Cure
of the three diastereoisomers (78% cr-HBCD, 13% B-HBCD,
md 9% 7-HBCD), while decomposition becomes significmt
at temperatures above 200 'C (4. This reaflangement is
independent of the starting isomer composition (6).
Substantial dissimilarities in the structure of the cr-, p-,
and y-HBCD diastereoisomers might raise differences in
polarity, dipole moment, and as already formd, in solubility
inwater. Solubilityof o-, B-, md y-HBCD inffiterwas recently
measured to be 48.8, L4.7, and 2.L pglL, respectively (8).
These different properties may result in distinctive rates of
biological uptake and metabolism and could possibly explain
the observed differences in their environmental behavior (9,
l0). Once released into the environment and because oftleir
lowwater solubility, itis likelythatHBCD isomers will adsorb
onto solid particles ofsediment and soil U). Its resistance to
degradation together with a low estimated octanol-water
partitioning coefficient (log (* : 5.6) makes HBCD poten-
tially bioaccumulative in fatty tissues (ll, l2).
Although little is known about the metabolism of HBCD
diastereoisomers, there ae indications of a relatively short
hdf-life (13) and of a different bioEmsfomation of HBCD
isomers (14). However, the preliminary estimated half-lives
for o.- and p-HBCD diastereoisomers in juvenile rainbow
frou.t (Oncorhwhus mykrss) were 136 and 53 days, respec-
tively, suggesting that the metabolizing capacity of fish for
HBCD is limited and that there are differences in the
absorption md detoxification rate between different dia-
stereoisomers (9). There is also evidence for bioisomerization
of HBCD diastereoisomers with a preferential formation of
the a-HBCD isomer; lower brominated ryclododecane me-
tabolities could not be detected in fish ftom this study (10).
In another experimenl a-HBCD was not significmtly
biotransformed after 90 min during the incubation of rat
and harbor seal liver microsomes, while B- and y-HBCD
diastereoisomers decreased to about one-third ofthe original
value (J4).
To get a better understanding of environmental fate and
behavior ofHBCD in biota, it is essential to get isomer specific
data on HBCD levels- While the determination of BFRs, md
in particular of PBDEs, was recently reviewed (15 .16),
methods for analysis of HBCD have received much less
attention. Most ofthe HBCD data generated in the past were
obtained by gas chromatography/mass spectrometry {GC/
MS) and thus restricted to total HBCD levels- So far, GC/MS
could not provide a separation of the individual HBCD
diastereoisomers md a mixture of diastereoisomels elutes
as a broad peak As also follows from interlaboratory studies,
theprecision and accuracyranges in the HBCD determination
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FIGURE 1. Stereochemical slructules of the maior HBGD isomes.
by GC/MS are larger compared to those obtained for PBDEs
(16, J 7). Recently, individual HBCD diastereoisomers could
be analyzed in biota using reversed-phase liquid chroma-
tography coupled with electrospray tandem mtrs spectro-
metric detection (I[/MS-MS) (f Z f8).
Moreover, the o.-, p-, md y-HBCD diastereoisomers are
chiral and thus may be present in the environment and biota
as enantiomeric paks. In general, a chiral pollutant is
produced and released into the environment as racemate
md remains as a racemic mixtue as long as it is subjected
only to achiral interactions, such as hydrolysis, photolysis,
leaching, volatilization, md atmospheric deposition U8).
However, alterations in the enantiomeric composition might
occur if the chiral compound is subjected to biochemical
processes that in most cases are stereospecific, for example,
metabolization (I9). The enantiomer fraction (EF) that is
used to express the enantiomeric compositon ofpollutants
(20) may differ between species and tissues and within
populations (2I). Consequently, the investigation of enan-
tiomeric composition of HBCD in biota might tre of geat
importance in understanding metaboliation md degrada-
tion processes.
Recently, we have established methods based onreversed-
phase LC/MS-MS for the determination of HBCD diastere-
oisomers as well as for estimation of EFs for enantiomeric
pairs of ct-, p-, md y-HBCD using chiral permethylated
p-rycf odextrin stationary phase Q). \n the present paper,
we report on the levels of HBCD diastereoisomers and tieir
enantiomer ftactions in shrimp and in muscle and liver of
variousfish species from theWestern ScheldtEstuary OVSE).
The WSE is highly contaminated with BFRs, possiblyrelated
to the presence of a BFR mmufacturing plant, textile
industries, and harbor activities located in the Scheldt Basin
(18, 22, 2s).
frperimental Section
Sampling. The sampling of different mrine species from
the Western Scheldt Estuary [WSE) has been previously
dessibed (23). The selected mplingsitesintheWSE (Figure
2) included two locations in the proximity of a HBCD
production plant at Terneuzen, The Netherlands (locations
I and 2), and three locations toward Antwerp, Belgium
(locations 3-5). The collected smrples have previouslybeen
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malyzed for PBDEs (2.3) . Unfortuately, not all samples used
in the previous study were awilable for this study. Muscle
and liver of gadoids (whitins Merlangius merlangug bib,
Trisopterus luscus) and flatfish (sole, Solea solea; place,
Pleuronedus platessa), available ftom at leasttlree locations,
were pooled according to species and location using three
to sixindividualsperpool. Muscle of individual eel (AngziJla
anguilla) and pools of shrimps (Crangon crangon) were
available from two locations (Table 1). Additionally, a cleaned
sediment exkact, which originated from the \468 (between
Temeuzen md Antwerp), was used to assess the qualitative
composition of HBCD diastereoisomers.
Chemicals. All solvents used for the sample preparation
and cleanup (n-hexane, acetone, rso-octane) were of Su-
praSolv grade (Merch Darmstadt, Germany). Solvents used
for LCi MS-MS (acetonitrile, methanol, water) were of HPLC
grade Merck). Individual HBCD diastereoisomers stmdards(CII. Andover, USA) were used for identification md
qumtification. A HBCD technical mixture (melting point
188-I9l 'C, Flula, Buchs, Switzerlmd) and the technical
mixture which was thermally equilibrated at 180 'C for 2 h
were used as in-house standards. Pure HBCD diastereoiso-
mers isolated ftom a technical mixture were obtained from
Andrero Gerecke (EMPA" Diibendorf, Switzerland). 2,5-
Dibromotoluene (Sigma-Aldrich, Milwaukee, WI) was used
as an extemal stmdild.
Smple Preparadon md Cleanup, The same exftacts as
those previously prepared for the determination of PBDEs
(23 were used in this work Briefly, the homogenized sample
was dried with anhydrous sodium sulfate and Soxtrlet
extracted with hexme/acetone (3:l; ulv). Nter lipid deter-
mination, the extract was cleaned up on acidified silica and
eluted with a mixtue of hexane/dichloromethme- After
solvent evaporation, the exfract was dissolved in jso-octane
and analyzed by GC/MS for PBDEs (23). After analysis, the
vials were recapped and stored at 
-20'C. For the determi-
nation of HBCD diastereoisomers and enantiomers, the
solvent was exchmged to acetonitrile (f4O pL) and l0 pL of
a solution of 2,S-dibromotoluene in acetonitrile (160 pgl
mL) was added as extemal standard.
Separation of HBCD Dlastereolsomers. Liquid chroma-
togaphywas performed usinga HTC PAI autosampler (CTC
Analytics AG, Zwingen, Swiuerland) and a Surveyor liquid
chromatographic pump (IhermoFinnigan, San Iose, CA).
Separations were performed on a Slrnmetry Cre (2.1 x 150
mm,5/m) colum (Waters, Milford, MA). Smples (20irl)
were injected using a mobile phtre containing water/
metlranol/acetonitrile (60/30/10) at a flow rate of 25O pLl
min- A linear gradient was used to methanol/acetonitrile
(50/50) in 5 min md then the final compositionms held for
6 min.
Sepmtion of HBCD Enutiomers. A chiral LC column
(4.0 x 200 m, 5 pm) containing pemethylated p-ryclo-
dexfrin stationary phase NUCLEODD( beta-PM (Macherey-
Nagel GmbH & Co, Diiren, Germmy) was used. Samples (20
pL) were injected using a mobile phase containing water/
methalol/acetonitdle (40i30i30) at a flow rate of 500 lll
min. Initial mobile phase composition was held for 0.5 min
followed by a linea gradient to methmol/acetonitrile (30/
70) in 8 min and then the final composition was held for 14
min.
MS Detection A triple-stage quadrupole mass spectrom-
eter TSQ Quantum (Thermo Finnigan) was operated in
electrospray ionization negative ion mode using multiple
reaction nronitoringfor [M-H]- (m/ 2640.6) 
-Bf (ml 279.O
and 81.0) with a scan width of 0.8 mass units and scan time
of 0.2 s. The fust and third quadmpoles were set to unit
resolution. Argon of99.999% puritywas used as collision gas
at a pressure of I.2 x l0-3 Torr and the collision energy was
set to 
-17 eV md -21 eV for bromine ions at mlz79.O nd
c,s, taars, lrars -COT
lBu
Y
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81.0, respectively. Optirnization of the MS/MS conditions
for y-HBCD resulted in a sprayroltage of4000V, sheath gas
flowof 60psi, auxiliary gasflowof 5psi, apillarytemperature
of340 "C, tube lens offset of 
-69 V lens zero offse! of 1,3 V
and an ion source collision-induced dissociation of 10 V,
QuaEty Assurance ?he quality control was done by
repeated injections of solvent blanks {acetonitdle), in-house
reference standards (such as a technical HBCD from Fluka,
technical HBCD equilibrated at 180 'C), and of standards.
The intemal standards used for detennination of PBDEs by
GC (polybrominared biphenyl 103 and I3C-BDE 209) were
not used and furthermore were not suitable for the LC
conditions. ?herefore, for the determination of HBCD
diastereoisomers, an extemal standard was used. This
procedure did not allow to correct for losses of HBCD
diastereoisomers during the sarnple preparation. A mean
recovery of 90% similar to *'hat has been previously found
for hexa-BDEs {23) was used for t}re calculation of HBCD
levels. Analyres were positively identfied if the absolute
retentio[ time agreed wit]r the retendon time of the corre-
sponding individual HBCD standard within 2.5% for dias-
tereoisomeric determinadon andwithin 1,8% forenantiomer
determination- Calibration curves were made ftom standard
solutions at seven (2, 5, 10, 20, 50, 100, and 200 ng
diastereomer/ml; -R2: 0.993-0.998) and six (2.5, 5, 10, 20,
50, and 100 ng enantiomer/ml -R9 = 0.993-0.995) concen-
tration levels ana\zed in triplicate for the determination of
diastereoisomers and enantiomers, respectively. All samples
were analyzed at least in duplicate by both reversed-phase
LC and chiral LC. Theinstrumental limitof detection {I-OD),
defined as 3 times rhe noise level and based on the LC/MS-
MSperformance, was 0.5, 1, and 5pgfor y-HBCD, a-HBCD,
and B-HBCD, respectively, u'hile the method limits of
quantificationof diastereoisomers (LOQ, S/N = t0) were 15,
20, and 75 pg/gwetweight (rvw) for 7-HBCD, cr-HBCD, and
B-HBCD, respectively. None of the analytes were detected in
solvent blanlcs.
EnandomerFracdon The enantiomericcompositionwas
expressed as enantiomerfractions (EFs) (20) calculated from
the peak areas of the enantiomeric pahs by the following
formr:Ia:
(+)A
FF: 
-
(-)A + (+)A
According to Heeb et al. (4), (-) cr, (-) B, and (*) y are
first elutingpeaks from each corresponding enantiomerpair.
Enantiomer fractions were reported as not estimated (n-e-)
n'hen the concentration of corresponding diastereoisomers
ms lower than the LOQ.
Resultc rnd Discussion
Despite the increasing interest in HBCD, data on environ-
mental occurrence of HBCD are stiil scarce. There is a need
for more environmental and human monitorin& together
with the investigation of exposwe pathways and levels and
with an imperious demand for data on the individual HBCD
isomers. In the present work, we stress an extra dimension
thatitmightbenecessaryro estimate theeryosureand effects
based not only on HBCD diastereoisomers but also on HBCD
enan|jomers.
Separation of Isomers. Several stationary phases were
tested for the separation ofthe rhreeHBCD diastereoisomers,
C18 (three types), C8, phenyl, amide, and ether modified
silica. A baseline separation was achieved using Waters'
Symmetry C6 (figwe 3). AI three diastereoisorners rnay be
separated using anyratio of methanol/acetonitrile as mobile
phase. An increase in the percentage of acetonitrile in {he
mobile phase resulted in a slightly better separation ofHBCD
diastereoisomers, mainly between P-HBCD and y-HBCD.
Howevel, in this case, a lower sensitivity for a-HBCD was
obsewed u'hile maintaining a similar sensitivity for y-HBCD.
In connast, baseline separation ofHBCD enantiomers (Figure
4) on the chiral permethy'lated ryclodexuin column cou.ld
be achieved on\with the mobile phase composition given
in the Fxperimental Section,
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levels of HBCD Ditrtereoismffi a-HBCD could be
quantified in all 26 samples, while y-HBCD was detected in
73% and quantiied in 35% of all samples. B-HBCD could be
detected at lou' levels in on\ 25% ofthe samples and could
be quantified only in nro bib liver samples (1.6 and 2.2 ng/g
lipid weight) and one eel muscle sample (3.4 ng/g hv). The
concen8ations of individual HBCD diastereoisomers in
marine biota from the WSE are summarized in Table 1.
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Tlee (mtr)
Previously, high concentrations of PBDEs halre been mea-
sured in fish sarnples and sediments from theWSE (23, 24)
and were related to uses of PBDEs in various industries
located in the Scheldt Basin. Because of the presence of a
HBCD production plant {Broomchemie; 7500 tons HBCD/
year) in Temeuzen, The Netherlands (Figwe 2), it was
suspected that HBCD may be present in fish samples at
relatively high lelels. In fact, HBCD levels found in fish ftom
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FIGUBE 3, Ghromrtogr.phic separation of HBGD diasrereoieomeru in strndrrd mixture and biolic and abiotic samples.
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FIGURE {, Ghrcmatographic scprrution of HBCD snlnliomsrs in ! strndsrd mirturu rnd biotic and abiotic ramples, Asdgnmom of optical
rotrtion according to Heeb a al. (4.
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IABII 2, llBGll Gmccntdienr in Serine lliatr s Reported in litetrkc
spccis
rainbow trout
whitefish
whitefish
fish
barbel
lrout
herring
herring
Baltic salmon
eel, cod, hake
saastar
marine fish
locglion
Lake Ontario
Swiss lakes
Lake Winnipeg
Lake Winnipeg
Cinca River, Spain
Rivar Skerne, U.K,
Baltic sea
North sea
Baltic sea
The Netherlands
Western Scheldt
Westarn Scheldt
iorel-H8cD (ng/gl
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26
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present study
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FIGURE 5. Total HBCD levels in liver of sole, bib, plaice, and whiting rnd in muscle ol eel sampled at differem locations of the Westem
Scheldt. BFR-P denotes the locrtion of tho BFR production plant (Ternauzon, The Netherlandsl.
I BFR-P
t- North Sea
the WSE were higher than levels found in fish sarnples from
locations with no potential sources of HBCD, representing
mainly background contamination (Table 2). Much hig[er
HBCD levels (up to I0 000 nglg ww) have been found in fish
sampled near point sources of pollution in ihe United
Kingdom (29) and in Sweden (34. However, bemuse of the
high water volume of the WSE and the high tidal flow, the
actual HBCD levels in fish decreased with distance ftom
Temerizen (Figure 5), with the exception of whiting probably
because ofits more migratory character. Location 2 situated
near the potential HBCD point source exhibited the highest
HBCD levels in three out of four fish species, For fish species
caught atthe same location, *rehighest levels oftotal HBCD
q'ere found in sole (?able 1). in general, conceniTations of
HBCD in fish were about 5-10 times lower than those of
PBDEs. Similar differences between the HBCD and PBDES
levels have been for:nd by Gerecke et al. in whitefish from
six Sr,\dss lakes [26'), No statistical]y sig[ificant correlations
betvveen total HBCD and PBDE concentrations were found
at any location with the exception of location 4, for tvhich
ahighpositive correlation (l = 0.97, p < 0.01) was obtained.
Location 4 is situated far enough frorn rhe potential point
source, so that lhe HBCD levels in fish from this location are
notaffected bypotentialpoint source and maybe considered
as background level.
Location
il 5
Antwerp 
----f
Sinee the first diastereoisomer-specific analysis ofHBCD
in biota (26, 29), it was recognized that the pattem of HBCD
diastereoisomers found in ewironmental samples may differ
ftom &ose formd in technical products (6). The diaetere-
oisomerprofile of HBCD in sediment sampleswas reported
to be simila to that of commercial formulations (l Z, .?.3, 34).
Typically, as in Detroit River suspended sediments, the
y-isomerwas the dominant diastereoisomerinmost samples
{33}. While ht sediments from the Drammen River, Norway,
o-HBCD had comparable or higher levels than y-HBCD (34),
in fish (brown trout, perch, cod, flounder, eel) caught in the
same area, only c-HBCD (5-22 ng/g lw) could be rneasured
(34). Similarly, we have found 7,-HBCD to be the dominant
isomer in sediment from the wSE (Figure 6), while a-HBCf)
and p-HBCD were present at much lower levels.
Recently, it was found that the ratio among the HBCD
diastereoisomers miglrt differfor the same species in different
enviroments. While levels of o.-HBCD were consistent\r
higher than y-HBCD in whitefish from Iake Ontario (25),
concentrations of a-HBCD and y-HBCDwere sinilarin the
same ftsh species Aom La.ke Winnipeg 
€4. Moreover, in
other species (wa.lleye and bwbot), y-HBCDwas at least t4'ice
as high as o.-HBCD, lvhile p-HBCD was consistendy detected
in all analyzed fishes ?4. h whitefish and sauger, the levels
of cr-HBCD and 7-HBCD diastereoisomerswere comparable,
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FIGURE 7, Livar accumulrtion raio for o-HBGD and 1HBGD in dilferem fish species; ratios higher than 0.511 indiorte preferential liver
accomulrtion.
while in planlcon and goldeye, a-HBCD was the dominant
isomer, similar to what was obsewed in the present study.
The present krowledge is too limited to point out the reason
for such differences in the same fish species and in similar
environments.
Accumuladon of HBCD Dlastereolsomers tr l)lffcrent
Fish Tlssuef, The dominance of c-HBCD over y-HBCD in
all fish species, in both muscle and [ver, is demonstrated in
Figure 6. Except for plaice, for which we had just one pair
ofliverand muscle, the ratio of a- to y-HBCDis largerinliver
rhan in muscle, with sole liver exhibiting total dominance of
o-HBCD over y-HBCD. Ir seems that 0-HBCD is less
metabolized in these fish rhan y-HBCD.
To express the preferential tissue accumulation of a
panicular HBCD diastereoisomer, the concenf ation per lipid
weight in liler was divided by the sum of concentradons in
liver and muscle. Forall species, y-HBCD accumulated much
less in liver than in muscle, that is, the ratio was below 0.5.
Forbib and whiting apreferential accumulationinlherwas
observed for c-HBCD, while sole accumulated slighdymore
c.-HBCDin muscle (FigureT). Plaice samplesweretoolimited
in number to evaluate this species. It can therefore be
presumed that y-HBCD is more easily metabolized in liver
and that the metabolizing capacity for HBCD decreases ftom
sole to bib and whiting This is supported by a recent repon
u'hich suggests that a-HBCD is much more resistant to
bionansformadonbylivermicrosomes thanB- and y-HBCD
(J4). However, a possible bioisomerization of y-HBCD to
a-HBCD in liver cannot be excluded (J0). A similar prefer-
ential liver accumulation as found here for a-HBCD in bib
and whiting and preferential muscle accumulation for
a-HBCD in sole has also been observed for PBDEs (29.
Enantlomer Fractlonc of HBCD Dlastereolsomers" By
definition, the EFvaluefor arrcemicmixtureis 0.50. However,
EFs of individual HBCD diastereoisomers isolated ftom a
HBCD technical mixture were different ftom the EF of a
lr"+BcD-l
lqtuacp I
T I
I
]l
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IABII 3. Enantiomer hactions ler HBGII lliastereoisomers in [rtracts lrom llifferent Esh Spccies from the llcsten Scheldl
Estuary
235
specics
bib liver pool 1
bib liver pool 2
bib liver pool 3
bib liver
sole liver pool 1
sole liver pool 2
sole liver pool 3
sole liver
sole muscle pool 1
sole muscle pool 2
sole mu*le
whiting liver pool
whiting liver indiv
whiting liver indiv
whiting liv*
eel musle
2r-HBCD*
ET RSD
0.63 0.010.60 0.09
o.77 0.020.67 0.09
n.e.
n.e.
n.e.
n.e.
n.e.0.95 0.02
n.e.0.95 0.02
n.g.
EHBCD
{ng/g lwl
78
158
112
679
119
139
1110
a-nBCD f-xgC0*'
178
19
279
30
localiotr
1
3
1
2
3
I
2
2
3
4
?
EF
0.59
0.56
o.59
0.58
0.46
0.46
0.38*
0.43
0.40
0.43
0.42
0.65
0.76r
0.68*
0.70
0.54
BSD
o.o2
0.01
0.01
0.02
0.03
0.04
0.06
0.05
0.03
0.01
0.03
0.01
0.19
0.06
0.06
0.01
EF
0.38
0.4'l
n,e,D
0.39
n,e.
n.e.
n.e.
n.e.
n.e,
n.e.
n.e.
n.e.
n,e.
n.e.
n.e.
RSD
0.07
a Asrerisk (*) denotes indicative values. D Not estimated becaus of low response.
racemate, for example, EF : 0.54 + 0.06 for a-HBCD.
Sirnilarly, the malysis of commercially available individual
HBCD diastereoisomers resulted in EFs higher than 0.50. A
concentration dependence of the deviationftom the racemic
lalue was observed for a-HBCD (EF : 0.51 + 0.02, 0.54 +
0.02, and 0.55 + 0.02 for concentations of 100, 50, and 25
ng/ml respectively), but this was less obvious for B-HBCD
and could not be seenfor y-HBCD. The deviation ofthe EFs
from 0.50 could be due to a nonracemic composition of
standards deriving from potentia\ enantioselective treat-
ments during preparation and purification. On the other
hand, the enantiomers eluting rmder slightly different
conditions may show differential mass spectrometric re-
sponse.
Because the analysis of purified racemic HBCD diaste-
reoisomers from the different sources (EMPA" CIL) resulted
in similr deviations of EFs, it was concluded that the
deviations in EFs are most likely due to unequal response of
the enmtiomers. It is hrom that I-CIMS is seroitive to mahix
effects md that ionizationmayvarywith respect to the sample
composition. Further, ionization conditions maybe different
forthe same compoundpeaks elutingsequentia\outof the
column into the ion source. Although EFs of standards were
found slightly different from racemic composition, the
obsened deviation was not statistically significant and the
RSDs observed for the triplicate analysis of each extractwere
higher than the apparent shift. Therefore, we present the
EFs as they were calculated from peak areas without any
correction. We have also found that the precision of EF
determination dropped with decreasing analyte concentra-
tion (RSD > IA%' for l0 ng/ml 0.2 ng injected) for all
diastereoisomers- At concentrations below 5 ng/ml (0-1 ng
injected), the high RSDs observed (>25%) resulted in a false
average of EFs. Therefore, EFs are reported onlyfor smples
for which the injected amount of HBCD diastereoisomers
was higher than 0.5 ng.
Because ofa lower sensitivity ofthe enantiomer separation
method md thefactthatt}le same diastereoisomeris divided
into two peaks, EFs could be calculated only for samples
with concentrations of HBCD diastereoisomers above the
I-OQ. To reduce the uncertainty of the results, on\ peak
aeas above 7000 wdts were included in the calculation of
EFs. The EFs for fish samples re presented in Table 3.
Excluding plaice, EFs for a-HBCD could be determined in
most liver samples, in two sole muscle composites, and in
one eel muscle. For bib and especially for whiting liver, a
strong enrichment of the (*) c-enantiomer was observed.
Solewas the only species forwhichwewere able to determine
the enantiomeric accumulation in both liver and muscle. It
seems that enantiomer fractions are similar for liver and
muscle, with a slight enrichment of (-) c- enantiomer (Table
3). For eel muscle, no enantioselective accumulation of
cr-HBCD was observed. Both B-HBCD and y-l{BCD con-
centrations were too low to calculate EFs with sufEcient
precision. EFs given for B-HBCD and 7-HBCD in bib liver
and y-HBCD in whiting liver are indicative values and
subjected to relatively large uncertainty. Nevertheless, it
seems consistent that EFs were <0.5 for d-HBCD and >0.5
for 7-HBCD. The todcological significance for the enanti-
oselective enrichment of HBCD diastereoisomers is so fa
not lnom. The EF often depends on the pollutant level in
the organism; a higher pollutmt level will often result in
elewted biotransformation rates md thus in EFs different
from 0.50 (2-l). However, aslightlyoppositetrendisindicated
by our data (Table 3). An explmation could lie in the rather
low metabolic capacity of fish (9, lO). At a high HBCD
concentration, it is possible that fish are not able to adequately
metabolize the HBCD intake and the enantiomeric com-
position might approach racemic lalues.
In fish samples with high HBCD levels, a small additional
peak eluting just after the first (+) y-enantiomer was
ftequently detected, while in some samples, m additional
peak eluted just before (-) y-enmtiomer from which it was
often not fully separated. Recenfly, Heeb et al. (4) reported
ontwo formerlyunknown HBCD stereoisomersisolated from
the technical product and assigned them as d- and e-HBCD.
However, lacking the corresponding standards, it was not
possible to confim the identity of these additional peaks.
Acknowledgments
Dr. Andreas Gerecke (EMPA, Diibendorf, Switzerland) is
achrowledged for the generous gift of pure HBCD diaste-
reoisomers isolated ftom a technical mixure.
litenture Ched
(l) Bromine Science md Environmental Fol:m (BSEF). http://
w.bsef.com (accessed September 20(X).(2) Directive 2003/ll /EC of the Europem Parliment md of the
Council of 6Feburary2003 mendingforthe 24th time Coucil
directive 76/769/EEC relating io restrictions on the maketing
md use of certain dmgerous substmces md prepmtions
{pentabromodiphenyl ether md octabromodiphenyl et}rer).
Official ]oumal L 042,1510212003.(3) Kemmlein, s.; Hezke, D.; Iaw, R. J. BFR-govemental testing
programme. EnuiroL Int. 2Oo3, 29,781-792-
VOL. 39. NO. 7, 2OO5 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 
' 
'993
236 6 - HBCD
(4) Heb, N. V; Sclryeizer, W. B.; Kohler, M"; Gerecke, A C. 1,2,5,q9,-
l0-hexabromocyclododecue - a clres of compouds with a
compltr stereochemistry. The Third Intemational Workshop
on Brominated Flme Retadmrs, Toronto, 2004, Book of
abstracts, 20M, 337-340.(5) Becher, G. The stereochemistry of 1,2,5,6,9,10-hcabromocy-
clododffme md its graphic repreentation. Ctumospture?$5,
58, 989-991.(6) Peled, M.; Schuia, R.; Sondack, D. Tlturcl reatangemut of
henbromo-qtclododcnre (IIBCD); Denws, I.-R., G€rad, B.,
Goldstein, M. I., Eds.; Elsevien Amsterdm, 1995; pp 92-99.(7) Bilontini F-; Coumj, V.; Petilc4 L Themal stability ild
decomposition products of hffibromocyrclododeme. rud. trug.
Chem. Rq. 2OO3, 40, 32lO-328O.(8) Hwiker, R. W.; Gonsior, S.; MacGregor, J. A.; Desjadins, D.;
Ariilo, J.; Friederich, U. Fate md effect of hexabromocy-
clododecme in the enviroment. OBdnohawen Compd. 20194,
66, 2300-2305.(9) Iaw, K.; Palace, V. P.; Halldorson, T.; Dmell, R.; Wautier, K;
Evms, B.; Brinkworth, L; Alaee, M.; Tomy, G. T. Dietary
accuulation of hexabromocyclodode@e ismere in juvenile
rainbw frout (Omrhynchun mykis). The Third Intemational
Workshop on Brominated Flme Retadmts, Toronto, 2004,
Book of abstracts, 2004, 433-436-
{l 0) taq K.; Haldomon, T.; Dmell, R.; Palace, V; Wautier, K.; Evms,
B.; Brinlq{orth, L.; WhittJe, M.;Alaee, M.;Milin, C. Evidence
of bioisomerization of a- md y-hmbromocyclododrcme
(HBCD) isomen in fish. The Third Intemational Workshop on
Bromirated FlmeRerddmts, Toronto 20M, Book of abstrics,
2fir4, 383-386.
(1 I ) Iaw R. J.; Alaee, M.; Allchin, C. R.; Boon, J. P.; I€beuf, M.; l€pom,
P.; Stem, G. A kvels md trends of polybrominated diphe-
nylethem md other brominated flme retadmts in wildlife.
EnviroL Int- 2OO3, 29,757-770.
(12) dewit, C.A.An overviwof brominated flmeretddiltsinthe
enviroment Chercsphere 2OO2, 46, 583-621,
(f 3) Geyer, H. I.; Schrmm, K.-W.; Dmerud, P- O.; Aune, M.; Feicht,
E. A; Fried, K W.; Henkelmm, B-; I€noir, D.; Schnid, P.;
McDonald, T. A. Teminal elimination half-lires of the bromi-
nated flme retildmts TBBPA, HBCD. md lower brominated
PBDEs in hrmns. Organohalogen Compd- 2OO4, 6,3867-
3872.
(14) Zegen, B. N.; Mets, A; w Bommel, R.; Minkenberg, Ctr;
Hmers, T.; I(mstra,t H.; If,mont,I.A;V@quez B. S.;Pierce,
G.; Reid, B.; Paftercon, T.; Rogm, E.; Murphy, S.; Addink, M.;
Hartrniln, M. G.; Smeenlq Ch.;Dabin,W.;Ridou:!V.; Gou6la,
A. F.; L6pez, A.; Jamiau:r, T.; Boon, J. P. Stereoisomer specific
bioaccmulation of henbromocyclododecme (IIBCD) in ma-
rine mmals. The Third Intemational WorkshoD on Bromi-
nared Flme Retildats, Toronro,2004, Book of abitracts, 20M,
411-414.
(15) de Boer, l.; Iaw, R. J. Developments in the use of chromato-
graphic techniques in miline labontories for the detemination
of halogenated conteinets ild polycyclic aomatic hy&o-
cilbons. /. Chrowtogr., A 2OO3, I OW, 223-251.(16) Cowci, A.; Voorspoels, S.; de Boer, l. Detemination of bro-
minated fl@e retaduts, with emphreis on polybrominated
diphenyl eihers @BDES) in enviromental ud hmm smples
- a reiw- Environ. Int. 2OO3, 29,735-756.
(17) de Boer, J.;AlJchin, C. R.; Zegers, B. N.; Boon, I. P.; Brmdsma
S. H.; Moris, S. IIBCD and, TBBP-A in Sewge Sludge,SedimenB
and. Bint4 Including Innrlnboramry Study, C033/02; Bromine
senice md Environmental Forum: Brussels, 2002.(18) Budakffiki, W.; Tony, G. Congener-sptrific ilalysis of hffibro-
moryclododecme by high-perfommce liquid chromatogra-
phy/electrospray tmdem mass spectrometJy. Rapid Comnun
Mre Spectrom.2003, JZ t399-1404.
[19) Kallenbom,R.;Htihnerfuss,H. Chiralffivircnrunx.lwlluktnts,
Springer-Verlag; Berlin, 2001.
(20) de Geus, H. l.; Wester, P. G.; de Boer, l.; Brinlom, U. A
Eniltiomer fractions inst€d of enmtiom u ratros. Azmphere
moo, 41,725-727.
(21) Wiber& K.Enmtiospecificmallsisadenviromentalbehavior
of chiral peBistent orgmic pollutmts. PhD. Thesis, Umed.
Uniwrsity, Sweden, 2001; ISBNgl-7305-162-4.
(22) Jffiek, K.; Thomsen, C.; Becher, G. Enmtiomer specific detq-
mination of HBCD diastereomen by l,C-MS-MS. The Third
Intemational Workshop on Brominated Rme Retildilts,
Toronto, 2004, Book of abstracts, 2004, 313-3f6.
(23) Voorspoelq S.; Co%ci, A; Schepetr, P. Polybrominated diphenyl
ethers in muine species from the Belgim North Sea md the
Westem Scheldt Estuary lwels, profiles, md distribution.
Environ. Sci. Techrcl. 2OO3, 37, 4348-4357.
(24) Voorspoels, S.; Co%ci, A.; Schepens, P. PBDES in sediments
fiom a polluted rca in Europe: the Belgim North Sea, the
Westem Scheldt Estuary ud tributarid. The ltrird Intemational
Workshop on Brominated Flme Retudmts, Toronto, 20(X,
Book of abstracts, 2004. 133-136.
(25) Tomy, G. T.; Budakowski, W.; Halldorson, T.; Whitde, D. M.;
Keir, M. J.; Mein, C.; Maclmis, G.; Alaee, M. Biomagnificatiqn
of alpha' md galrma-HBcD ismere in a Irle Ontdio food
web. EnuiroL Sci. Teclmol. 2/fft4,38,2298-2303.
{26) Gerecke, A C.; Kohler, M.; Zemegg, M.; Schmi4 P.; Heb, N.
V. Detection of alpha-hmbromocyclododecee (FIBCD ismer
in Swiss fish at levels compuable to polybrominated diphenyl
ethe6 (PBDES). Organohalogen Compd- 2OO3,6t, 155-158.
(27) Tomy, G.;Ha[dorson, T-; Dmell, R.; Iaw, K.; Stem, c.; Gerutz,
S.; Whitde, M.;Alaee, M.; Mdin, C. Hffibromocyclododecme
GIBCD) isomere md brominated diphenyl ether (BDE) con-
genem in fish from lake Winnipeg, Mmitoba (Coada). The
Third Intemational Workshop on Brominated Rme Retardmts,
Toronto, 2004, Book of abstracts, 20M,213-216.
(28) Eljilat, E.; de la Cal, A; Raldua, D.; Dum, C.; Becelo, D.
Occwence @d bioavailability of Polybrominated Diphenyl
Ethers md Hqabromocyclododecme in Sediment ud Fish
from the Cina Rirer, a Tributary of the Ebro River (Spain).
Enuiron. Sci. Technol. 2OO1, 38,2603-2608.
t29) Allddn, C. R.; Monis, S. Hexabromocyclododecme (HBCD)
distereoisomers md brominated diphenyl e&er congener
(BDE) residues in edible fish from the rivers Skeme md Tes,
lt.K. Organolwlogen Compd- 2.OO3, 61, 4l-44.
(30) Remberger, M.; Stembeclq J.; Palm, A.; Kaj, L; Striimberg, K.;
Brontriim-Lud€n, E. The enviromental ocrene of hmbrc-
moryclododcae in Sweden. Chen$phere 2OO4, 54,9-21.
(31) Iaw, R. l.; Allchin, C. R.; de Boer, J.; CoBci, A; Hezke, D.;
lepon, P.; Moris, S-; de Wit, C. A. Iwels md Trends of
Brominated FIme Retudmts in the Europem Environment.
The Third Intemational Workshop on Brominated Flme
Retildmts, Toronto, 2004, Book of absuacts, 2004,79-104.(32) Sellsudm, U.; Kierkegaad, A.; de Wit, C.; Jasson, B. Polybro-
minated diphenylethers md hffibromocyclododecae in sedi-
ment ad fish fiom a Swedish riwr. Environ Toxinl. Chem.
1998, 17, 1065-10?2.
(33) MNin, C.; Tomy, G.; Alae, M.; Maclnnis, G. Distribution of
hmbromo-cyclododsme in Defroit River Suspended Sedi-
ments. The Third Intemational Workshop on Brominated Rme
Retddants, Toronto, 2004, Book of abstncts, 2004, f37-140.
(34) Schlabach, M.; Fjeld, E.; Borgen, A. R- Brominated Flme
Retildilts in Drmens River md the Drmmensfiord.
Noruay. The Ttrird Intemational Workshop on Brominated
Flme Retadmts, Toronto, 20(X, Bookof abstracts, 2004, 147-
150.
Receiuedfor reuiew September 26, zOM. Reuised mnnuscript
receiued December 11, 20M. Accepted December 20, 20(A.
ES0484909
I994 T ENVIRONMENTAL SCIENCE & TECHNOLOGY I VOL. 39, NO. 7. 2OO5
